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Abstract
Laser-plasma x-ray sources have garnered interest from various communities due to their ability
to generate high photon-energies from a small source size. The passive imaging of high energy
x-rays and neutrons is also a useful diagnostic in laser-driven fusion capsules as well as
laboratory astrophysics experiments which aim to study small samples of transient
electron-positron plasmas.
Here we study a coded aperture with scatter and partial attenuation included, which we call a
‘CASPA’, and compare them to the more common method of pinhole imaging. As well as
discussing the well-known increased throughput of coded apertures, we also show that the
decoding algorithm relaxes the need for a thick substrate. We simulate a 511 keV x-ray source
through ray-tracing and Geant4 simulations to show how incomplete attenuation of the source
by the mask may be less detrimental to imaging using a CASPA than to using a standard pinhole
system.
Keywords: coded aperture, CASPA, x-ray imaging, neutron imaging, high-resolution,
laser-plasma sources
(Some figures may appear in colour only in the online journal)
1. Introduction
Sub-millimetre radiation sources are ubiquitous in laser-
plasma physics, from the small x-ray sources produced for
imaging [1], to understanding fusion targets [2–4] or astro-
physical analogues [5] including thosewhich aim to study pure
electron-positron plasmas [6]. Some such sources will also
produce other forms of high-energy radiation—for instance
the 14.1 MeV neutrons from DT fusion reactions. In addition,
laser-based sources have the potential to impact medical or
industrial imaging by increasing the photon energy accessible
while potentially reducing the source size. This research into
Original Content from this work may be used under the
terms of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.
novel sources increases the urgency to find a method for ima-
ging highly penetrating (> 100 keV), small (~ 10 µm) sources
to aid development and optimisation.
Laser wakefield acceleration (LWFA) has demonstrated the
ability to produce micron-sized, MeV-to-GeV electron beams
over millimetre scales [7–10]. In addition, laser-plasma inter-
actions have recently demonstrated the ability to produce
intense beams of positrons [6, 11, 12]. In order to optimise
x-ray sources from LWFA, or measure the spatial extent and
charge of a positron population, improvements in the imaging
of ~ 511 keV radiation sources would be advantageous.
2. Aperture imaging
Simple to implement, pinhole cameras provide one such solu-
tion, but are limited when in low signal or high energy
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applications, due to the small pinhole size and attenuation
requirement respectively. Since the resolution of the ima-
ging system is dependent on the size of the pinhole, there is
an inherent trade-off between imaging resolution and signal
strength. In order to optimise a novel laser-based x-ray source
(which may fluctuate from shot-to-shot), high resolution in a
single shot is desirable. In addition, since the pinhole com-
prises only a small fraction of the substrate plane, the material
used to form the pinhole must provide almost complete atten-
uation, requiring a thick substrate. Current micro-machining
methods are limited to a hole aspect ratio of ca.50 [13] so
again the resolution must be compromised for signal to noise
ratio (SNR).
In response to these limitations, multi-pinhole systems have
been employed, either in the form of a pinhole array [14, 15],
or a coded aperture [16]. Both are multiple pinhole systems
with differing methodologies; the former generates multiple
images which can be added to compensate for low signal levels
or can provide spectral information through differential filter-
ing [17], whereas the latter superimposes the image from each
pinhole, which is then decoded in a post-processing step. The
specifics of coded apertures are discussed more in section 3,
but they have have been implemented in a variety of ways,
including time modulated apertures [18], spherical apertures
for 3D reconstruction [19] and for imaging scattered x-rays in
a medical context [20].
Both pinhole arrays and conventional coded apertures still
require that the pinhole substrate be highly attenuating to
achieve an acceptable SNR. Coded apertures are typically
favoured for low-signal environments due to the larger number
of perforations possible whilst using standard detectors. How-
ever, this is at the detriment of increased noise introduced from
the decoding process, which is not present in pinhole array
systems.
Where a static, passive aperture is used, coded apertures
have been demonstrated to work for 0.06–1.3 MeV x-rays,
requiring aperture perforation diameters of 1.3–2.2 mm [21].
Here, we demonstrate that the resolution limit may be exten-
ded by orders of magnitude, since the decoding process is
able to discard the background arising from imperfect attenu-
ation. This is quantified through ray tracing calculations which
consider the aperture to be either scattering or only partially
attenuating, allowing the impact of each effect on imaging
capability to be studied independently. We then illustrate the
effectiveness of a more realistic aperture—which will exhibit
both effects—through Geant4 simulations of a point source.
The theoretical imaging improvement expected using a Coded
Aperture with Scattering and Partial Attenuation (CASPA) is
compared to a pinhole of equivalent resolution and substrate
thickness.
3. Coded apertures & CASPAs
A coded aperture is an array of κ pinholes—or perforations—
in a specific arrangement, with each casting an image of the
object onto the detector. The resultant signal from the overlaid
images is dubbed the hologram [22]. This hologram can then
be decoded through a cross correlation against the decoding
function (created from the known aperture design) to form a
likeness of the original object [23–25].
In contrast to single pinholes, coded apertures do not
have any inherent compromise between resolution and sig-
nal intensity. The signal may be increased by having a lar-
ger number of small perforations, since the resolution is still
dictated by the perforation size, where as the signal strength
is improved by a factor of κ. Usefully, another advantage
of coded apertures is that the decoding process is uniform-
background subtracting. The decoding functions are designed
such that their cross correlation with an array of uniform mag-
nitude is zero [26]. Thus, particles incident on the coded aper-
ture need not be fully attenuated, as conventionally assumed,
but merely scattered uniformly across the detector surface.
CASPAs utilize this property to propose apertures with bet-
ter resolution than previously attainable when imaging high-
energy x-rays (> 100 keV). When the combination of the
scattered and non-scattered photons from the mask (pink and
green in figure 1, respectively) creates a quasi-uniform back-
ground, and their intensity is lower than that of the signal
(white), the object can still be reconstructed without the need
for full attenuation. This increases the potential scope of use
for CASPAs beyond that of pinhole arrays, as the latter does
not contain a decoding method and thus is unable to com-
pensate for partially attenuating substrates in a manner similar
to the single pinhole case discussed in section 6.
Many coded aperture designs exist [27], each sharing sim-
ilar principals: reduction of inherent noise achieved through
uniform perforation distribution without translational sym-
metry, and maximization of the number of pinholes on the
design [24]. For the purposes of this study, the Modified Uni-
formly Redundant Array (MURA) of Gottesman and Fen-
imore [25] is chosen as the CASPA. These are a family of
coded apertures, where each design is designated by its indi-
vidual prime number basis, p.
4. Ray-tracing model
A ray tracingmodel (RTM) has been used to generate synthetic
holograms as follows: A ray, represented by unit-vector r⃗, is
generated in a random direction from the source to the aper-
ture. The distance between the between source and aperture in
the direction of r⃗ is given by τ :
τ =
(P⃗a− P⃗s) · n⃗
r⃗ · n⃗
(1)
where P⃗a is the position of the centre of the aperture, P⃗s is the
position of the source, and n⃗ is the vector normal to the plane
of the aperture. The impact point of r⃗ on the aperture, P⃗i is:
P⃗i = P⃗s+ τ r⃗ (2)
If P⃗i is within the given aperture dimensions, it is compared
against the aperture to test if the impact is at a perforation site,
of size Apix. Then, the rays are:
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Figure 1. CASPA system, using a p= 5 MURA. X-rays pass
through perforations (black), or strike the substrate and are
unscattered (pink) or scattered (green).
(a) absorbed and removed from the simulation;
(b) scattered by angle θ;
(c) incident on a perforation and unaffected.
The likelihood of absorption and the maximum scattering
angle, θmax, may be varied in the simulation. The scattering
vector δ⃗r is given by:







where R,ϕ and θ are uniformly distributed random numbers
within the ranges: 0≤R≤ 1, 0≤ϕ< 2π and 0≤ θ ≤ θmax.
This is added in summation to r⃗ and normalised, to create a
perturbed unit vector. Equations (1) and (2) are re-applied to
all the scatter and perforation site rays, using the position of
the detector, P⃗d instead of P⃗a, to find the new P⃗i in the detector
plane. A hologram is then constructed from a histogram of the
detector plane.
Once decoded, the image is evaluated by calculating the






where j is the set of expected positions, λj is the sum of signal
strength over all j and µ̄j and σ̄j are the mean and standard
deviation of all pixels not in set j, respectively. All pixels not
in set j are henceforth called the background.
Figure 2. A diagram of the CASPA imaging system used in this
study, using a RTM generated hologram on the detector. The
aperture is a p= 53 MURA, and u= v= 1060Apix.
5. Experimental considerations
In this design study, a p= 53 MURA is used, which has 5512
perforations. 6 × 107 photons are randomly fired at the aper-
ture from the point source and collected on a detector of ideal-
ised dimensions, as depicted in figure 2. The system has amag-
nification of 1 [26, 28], and no addition of external noise or





where M is the magnification of the system and R is the
desired number of resolvable features per unit length, hence-
forth called resolution capability. The pixel size of the ideal-











For this study the detector is 106× 106 pixels,R= 0.5 pixel−1,
M= 1 and n= 2, resulting in aperture and detector pixels
being the same size. The imaging system field-of-view will be
proportional to the size of the aperture p value and the desired
resolution capability. As such, for any other given experiment
a detector can be chosen to fit the spatial and spectral require-
ments.
While this work does not aim to resolve the challenges
in selecting an appropriate detector, it is clear that MeV-
photon or neutron detection with sub-100 µm resolution is
not possible with high efficiency. Mikerov et al [29] suggest
that neutron detector resolution could be better than 100 µm.
With modest magnification built in to system, the increased
throughput of a CASPA could be beneficial for imaging
the symmetry of DT-fusion reactions in inertial confinement
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Figure 3. Variation in SNR for coded and pinhole apertures as a
function of aperture attenuation only. Errors from the standard
deviation of 6 simulations.
fusion experiments. For a resolution of 0.1 µm−1 as indicated
in this work we would require a detection area in excess of
0.5 × 0.5 mm, and a pixel size of ≤10 µm. At photon ener-
gies < 30 keV, this can be readily achieved with commercially
available sCMOS detectors, whilst the 30–100 keV range can
be achieved with CdTe detectors [30]. Detectors in the 200+
keV range are under development, such as a CsI array [31], and
the progress of other such high-energy, high-resolution detect-
ors will be concurrent with development in compact laser-
plasma x-ray sources and fusion neutron detectors. CASPAs
are not reliant on such development, and can be used with cur-
rent detectors and system magnification to achieve the desired
resolution capability.
6. CASPA—pinhole comparison
We now compare a CASPA to a standard pinhole, as a func-
tion of the substrate properties using SNR as defined above
as the figure of merit. Although SNR will be a function of
the number of particles used (either photon or neutron), and
thus SNR values are not absolute, their relative values and
trends are of use. For the initial comparison, it is assumed
that aperture attenuation and maximum scattering angle can
be varied independently. While these properties will be cor-
related and dependent on the physical attributes of the aper-
ture, it is useful to consider their effects on image quality
independently.
The detrimental effect of incomplete attenuation on a pin-
hole aperture can be seen in figure 3. It follows the expected
trend, due to the lack of inherent background-subtraction. In
contrast, the SNR of the coded aperture remains within 5% of
its maximum at only 15% attenuation. It should be noted that,
since the decoding is conducted in Fourier space with finite
planes, the coded aperture always exhibits noise even at 100%
attenuation and so underperforms the pinhole in this case.
Figure 4. Variation in SNR for coded and pinhole apertures as a
function of θmax. Zero attenuation is assumed. Errors from the
standard deviation of 6 simulations.
Figure 5. Surface plot of SNR as a function of both attenuation
and θmax.
From figure 4, it is clear that scattering through the aperture
is of limited value to imaging with a pinhole. The increase in
SNR here is, in small part, due to scattered particles missing
the detector. The more significant effect is that the scattered
rays are being distributed over a larger area. In the case of
the coded aperture, this quasi-uniform background will be
removed during decoding, resulting in a near-zero µ̄j. How-
ever, in the case of the pinhole the quasi-uniform background
remains, increasing µ̄j and thus reducing the SNR of the pin-
hole. This effect has reduced the SNRmaximum of the pinhole
by 83%, compared with the maximum seen in figure 3.
Individually, figures 3 and 4 show that SNR of a CASPA is
not degraded when the substrate has a minimum attenuation
of 15% or a minimum θmax of 8o. The two mechanisms can
be combined to produce a CASPA with lower values of each,
whilst still keeping sufficient SNR to allow imaging. The res-
ults of a two dimensional study (figure 5) demonstrate this
additive effect.
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7. Benchmarking RTM with geant4
Although the RTM is useful in demonstrating the independ-
ent effects of scattering and attenuation on imaging efficacy, it
does not reflect the reality that both will increase as the aper-
ture thickness is increased. For this, a Monte Carlo simulation
package is required. 511 keV photons are used, to coincide
with gamma rays used in PET imaging [32] and the CASPA
and source are modelled using Geant4 [33].
To benchmark the RTM, the same design and geometry is
modelled in Geant4. A 250 µm thick tungsten substrate was
used, equivalent to 6.30% attenuation, with an Apix of 50 µm,
and thus an aspect ratio of 5.
It was found that, above an aspect ratio of 5-10, the effect-
ive field of view for many of the non-central CASPA perfora-
tions did not include the point source being imaged. This in
an inherent issue with using MURAs, as they were origin-
ally designed for far-field imaging, instead of the near-field
application being demonstrated here. To generate a 4π scat-
tering source, a positron beam of 232− 1 particles was directed
onto a 200 µm tungsten target, resulting in 1.34 × 106 photon
events on the detector.
A separate Geant4 simulation was used to determine θmax,
in order to create a comparable environment for the RTM.
1 × 108 511 keV photons were fired into a 250 µm tung-
sten plate, and the FWHM of their impact upon the detector
calculated. This resulted in a θmax of 1.3± 0.2 degrees. It
was also quantified that only 0.8% of the non-attenuated
ray were scattered by the substrate, which was then incor-
porated into the RTM. 5.33 × 106 photons were used, in
resulting in a comparable (1.33 ± 0.01) × 106 detector
events.
The decoded images of the RTM and Geant4 can be seen in
figure 6, with SNR values of 47± 3 and 43, respectively. The
variation is likely due to the discrepancy in source size; the
RTM source is an infinitesimally small point in space, whilst
Geant4 source size is 1/4Apix, due to the intrinsic requirement
for finite dimensions. The reduced SNR is due to the dimin-
ished number of photons impacting the detector with respect
to section 6. However, the added complexity of the Geant4
toolkit makes higher Geant4 fluxes impractical due to the sim-
ulation run-time.
Despite the slight variation in SNR, figure 6 is able to
show that the two hologram generation techniques are compar-
able. The RTM run-time is orders of magnitude smaller than
its Geant4 counterpart, being 10’s of seconds versus 10’s of
hours, and as such the RTM is preferred for simulating higher
flux systems.
8. Extended object
Generating a hologram for an extended object requires an
increase in number of particles used, to prevent a significant
drop in intensity per unit area in the source plane, or object
plane now an extended shape is being imaged. As RTM holo-
grams were shown to be comparable to Geant4, RTM is used
for the extended object, due to its greater speed.
Figure 6. A comparison between the RTM, (a) & (c), and Geant4,
(b) & (d), methods for holgram simulation. (a) & (b) use a CASPA,
whilst (c) & (d) are pinholes. (a)–(d) all have the same substrate
thickness and Apix. The scales are independent of one another,
ranging from the local minima to maxima, with the CASPAs being
the expected circa 2 orders of magnitude greater than the pinholes.
Continuing with the example of a tungsten aperture to
image 511 keV photons, a substrate thickness of 18 mm
would be required for 99% attenuation. This would impose
a theoretical resolution limit of 7 mm at an aspect ratio of
5, although in practice the thickness is likely to render the
camera unsuitable for this energy. This is in contrast to the
250 µm CASPA, with a theoretical resolution limit of 100
µm. This equates to a × 70 increase in resolution capab-
ility in this demonstration. Moreover, the CASPA (figure
7(a)) is able to reconstruct an image in the high-energy low-
signal environment that an equivalent pinhole (figure 7(b))
could not.
We propose that extending the aperture-detector distance
could further decrease the aperture thickness required for
effective imaging. Scatter within a CASPA enables a high SNR
by distributing the photons upon a large detector area, creat-
ing a quasi-uniform background. By conserving the detector
area over which photons are scattered, it can be shown geo-
metrically that θmax and the aperture-detector distance are
inversely proportional. As propagation distance has not been
investigated here, its effects can instead be qualitatively dis-
cussed through an increase in θmax. An increase in θmax has
been shown by figure 5 to require less aperture attenuation,
and therefore can produce a better imaging resolution; this is
before considering the classical resolution improvement from
system magnification.
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Figure 7. RTM generated results for a CASPA (a), and an equivalent
pinhole (b) for an extended object. 1 × 108 photons per object unit
area, resulting in a total flux of 4.6 × 109 511 keV photons.
9. Conclusion
In summary, we propose that complete attenuation is not
required for coded apertures to generate high SNR images. We
demonstrate that this benefit is due to the way in which the
image from a coded aperture is reconstructed, allowing a flat
background to be removed. This means that full-attenuation
of the substrate is not required and that scattering the photons
or neutrons through the aperture relaxes this requirement fur-
ther. We also show through benchmarking with Geant4 that,
with knowledge of the scattering angle and attenuation of the
substrate, coded aperture holograms may be generated quickly
from a ray tracing model.
We show a practical example of this by simulating an exten-
ded object imaged with 511 keV photons using a 250 µm thick
tungsten CASPA. Through this, we demonstrate that high-
energy low-flux aperture imaging is feasible, corresponding
to a significant improvement in either resolution or flux com-
pared to a fully attenuating pinhole aperture.
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